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Abstract 

Improved management of agricultural soils to sequester carbon from the atmosphere 

is considered an important climate mitigation measure. Intensive agriculture often 

leads to degradation of soil organic carbon (SOC), contributing to climate change and 

loss of soil ecosystem services. Interventions in agricultural management can halt or 

reverse the loss of SOC.    

Annual SOC change rates for intervention and conventional management were 

taken from a review on long-term time series data. The purpose of this study is to 

compare the GHG emissions of management scenarios from a life cycle perspective. 

The intervention scenario differs from the conventional scenario by using manure to 

replace inorganic fertiliser, having reduced tillage, and leaving crop residues in the field. 

Production functions were used to describe the relationship between SOC, nutrient 

inputs and yields. Using life cycle assessment (LCA) methods, the greenhouse gas 

(GHG) emissions of each scenario are estimated based on regional data combined 

with a LCA database. The functional unit is yields converted into cereal units for a full 

crop rotation, after 20 years of modelled SOC changes.  

This study shows that an intervention management has substantially lower GHG 

emissions compared to the conventional scenario. Much of the total difference 

between scenarios is attributed to the difference in SOC changes, which are positive 

in the intervention scenario and negative in the conventional. Soil N2O emissions were 

high in both scenarios but were lower in the intervention scenario because of lower 

inorganic fertiliser application. However, the method for assessing soil N2O emissions 

produces rougher estimations than the method for SOC changes, and the full effects 

of management on N2O emissions has not been quantified in this study. Higher SOC 

in the intervention scenario also resulted in lower N input and higher yields, causing 

lower emissions per functional unit. Lower GHG emissions resulted also from 

replacing inorganic fertiliser with manure and reducing tillage. In conclusion, 

intervention agriculture is shown to perform substiantially better than conventional in 

terms of GHG emissions, but further research should investigare uncertainties in the 

result.   
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Introduction 

Anthropogenic climate change has increasingly adverse effects on the planet and on 

society, requiring large efforts of mitigation and adaptation (IPCC, 2023). While the 

burning of fossil fuel is the primary driver, large greenhouse gas (GHG) emissions are 

also attributed to land use and land use change including agriculture and forestry 

(IPCC, 2019). The agricultural sector is one of the largest contributors to global 

warming (Tubiello et al., 2015). While agricultural production is needed to feed a 

growing population, its contribution to climate change, biodiversity loss and land 

degradation must be addressed to meet sustainability goals and provide food security  

(Foley et al., 2011). An important environmental aspect is the effect of agriculture on 

the soil, the foundational natural resource supporting agricultural production. 

Agricultural management can be improved to benefit carbon sequestration and other 

ecosystem services (Brady et al., 2015; Minasny et al., 2017). In the aims of Sweden 

and the European Union to reach climate neutrality by 2050, agriculture plays an 

important role as a potential carbon sink (European Commission, 2023). 

Ecosystem services of agricultural soils  

The complex organism communities of soil ecosystems provide ecosystem services 

essential to agricultural production, such as nutrient cycling and uptake, regulation of 

soil erosion, carbon sequestration and water flow as well as control of pests and 

diseases (Barrios, 2007). The intensification of agriculture has caused a decline of 

biodiversity in agricultural soils (Tsiafouli et al., 2015). One of the primary drivers of 

this biodiversity loss is the decline of soil organic carbon (SOC) (Gardi et al., 2013). 

An increase of SOC is correlated with beneficial conditions for plant growth regarding 

soil structure, water-holding capacity and nutrient availability, meaning that SOC 

boosts soil productivity in terms of crop yields (Johnston et al., 2009; Oldfield et al., 

2019). Changing SOC levels in soils can be considered a proxy for soil biodiversity and 

ecosystem services, which makes SOC valuable to farmers and to society (Brady et al., 

2015).  

There are large fluxes of carbon between the atmosphere and the biosphere, and 

soils have the largest carbon stocks on land (Schlesinger & Bernhardt, 2020). 

Therefore, it is important to consider the effects of soil management on carbon stocks 

in regard to climate change. Typically, the introduction of agriculture to previously 
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untilled soils lead to a loss of organic carbon of about 30 percent (Davidson & 

Ackerman, 1993). A significant portion of agricultural GHG emissions can come from 

soil organic carbon (SOC) losses (Brandao et al., 2011; Joensuu et al., 2021). However, 

there is potential to halt soil carbon losses or even sequester large amounts of carbon 

in croplands (Lal, 2004; Zomer et al., 2017). Carbon sequestration in agricultural soils 

is considered an important climate mitigation measure, and a necessary tool to reach 

global climate goals (Lal, 2004; Minasny et al., 2017).  

Management practices to halt or reverse soil carbon losses 

Many different methods to sequester carbon in agricultural soils have been suggested 

and researched, including for example reduced or no tillage, applying organic fertilisers 

or crop residues, planting cover crops or using better crop rotations (Haddaway et al., 

2015; Lal, 2004). Conventional tillage, being the norm in modern agricultural history, 

uses a mouldboard plough followed by harrowing to prepare the soil and combat 

weeds (Phillips et al., 1980). This disturbance in the soil can stimulate decomposition 

of organic matter, leading to soil carbon losses. Reducing the disturbance by tilling less 

or not at all could then have the potential to reduce SOC losses or contribute to carbon 

sequestration (Alvarez, 2005). The potential of reduced or no tillage to mitigate climate 

change has been questioned (Baker et al., 2007; VandenBygaart, 2016). Some evidence 

suggests that the key is to combine reduced tillage with other practices to achieve 

carbon sequestration (Blanco-Canqui, 2021).  

An increased amount of nitrogen through fertilisation can promote carbon 

sequestration, if crop residues are returned to the soil (Alvarez, 2005). However, 

despite the effects of conventional fertilisation, agricultural soils across the world have 

continuously been degraded and SOC stocks have declined (Khan et al., 2007). 

Applying organic fertilisers, i.e. manure from animals, can have a greater effect than 

inorganic fertilisers in increasing SOC, since the manure itself contains organic 

material (Blair et al., 2006).  

The planting of cover crops, planted in between seasons not primarily for harvest 

but for their benefits to the soil, can halt erosion, improve soil structure, and add 

biomass, including carbon, and nitrogen, increasing carbon sequestration and reducing 

N leaching (Abdalla et al., 2019; Bai et al., 2019). Leaving crop residues in the fields 

does some of the same good as cover crops or manure by adding organic material to 

the soils (Bolinder et al., 2020). According to Prechsl et al. (2017), the planting of cover 

crops could also have negative side effects, causing lower yields and higher soil N2O 

emissions.  

In addition to the loss of SOC to the atmosphere, the agricultural sector 

contributes substantially to the emissions of N2O and CH4 (IPCC, 2019). N2O is a 

long-lived GHG with a higher effective radiative forcing (ERF) than CO2, while CH4 

is a short-lived GHG with an even higher ERF (Forster et al., 2021). In an LCA study, 
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Brandao et al. (2011) found that both CO2 and N2O emissions from soil are significant 

contributors to agricultural climate impact. N2O can be directly emitted from soils 

through denitrification under anoxic conditions. It can also be emitted indirectly via 

volatilized NH3 (Pan et al., 2016). Methane emissions from soil are primarily associated 

with submerged soils and can be substantial for some types of agriculture, such as rice 

cultivation (Le Mer & Roger, 2001). While upland soils are typically a sink for methane, 

agricultural soils can be sources due to soil treatment and fertilisation (Cowan et al., 

2021; Powlson et al., 1997). The reduction of tillage can reduce soil emissions of 

methane (Bayer et al., 2012). 

The environmental impact of agricultural management is not limited to effects 

on the soil, GHG emissions can also result from all steps of the production from soil 

preparation to harvesting. In a report on life cycle inventories for ecoinvent, Nemecek 

and Kägi (2007) describe both agricultural infrastructures, including buildings, 

machinery and field processes, and agricultural inputs, including inorganic and organic 

fertilisers, pesticides, seed and drying of grain and grass. For example, the production 

of inorganic nitrogen fertiliser through the Haber-Bosch process results in large GHG 

emissions, a significant contribution to the total agricultural emissions (Menegat et al., 

2022). On-farm machine/fuel use, fertiliser inputs have been identified in agricultural 

LCAs as major sources of greenhouse gas emissions (Aguilera et al., 2015; Camargo et 

al., 2013; Meisterling et al., 2009). Direct soil emissions of CO2 and N2O are also 

significant but varies a lot between these studies. As described below, the method of 

accounting for soil related emissions can vary and impacts the result.   

Accounting for soil carbon sequestration  

To determine which agricultural management practices are the most environmentally 

efficient, a method is needed to comprehensively account for the effects of complex 

agricultural systems. Life cycle assessment (LCA) has frequently been used for this 

purpose as it is a well-established method for assessing all processes and environmental 

impacts of a production system (Finnveden et al., 2009). LCA considers the 

environmental impact of a product in relation to its function, such as the amount of 

product produced, which indicates the efficiency of the production system. However, 

there are specific challenges in conducting LCA for agricultural systems, and no 

consensus has been reached on how to account for SOC changes (Goglio et al., 2015). 

Soils are complex eco-systems and take time to stabilize after changes in 

management, including the SOC content (Ludwig et al., 2011). Common methods for 

accounting for SOC changes in agriculture have been criticized by Sanderman and 

Baldock (2010) for using short-term or single point in time measurements. Such 

methods assume that SOC levels start at a stable baseline, an equilibrium, which might 

not be the case. The use of response ratios, comparing the SOC contents soil under a 

certain management compared to a conventional or baseline reference, have been 
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criticised in favour of using annual change rate (Sanderman & Baldock, 2010). Joensuu 

et al. (2021) found that the assumptions on the state of SOC stocks, considering 

historical land use and management, and the time horizon significantly affects the 

assessment of SOC changes in an agricultural LCA. Changes in SOC typically progress 

over a time period of decades, before stabilising (Johnston et al., 2009). This leads to 

limited predictive power of methods based on short term or single point 

measurements, and overestimating carbon sequestration in some scenarios. A full LCA 

of a cropping system should also account for emissions of N2O from the soil, however 

these emissions vary based on many factors and different assessment methods can 

have varying results (P. Goglio et al., 2018).  

Haddaway et al. (2016) published a review protocol, aimed to address the issues 

raised by Sanderman and Baldock (2010) and assess influence on SOC by management 

interventions based on time series data. Using long-term, high-quality data to assess 

how SOC changes from different management practices is an important step towards 

determining which agricultural methods should be used to reduce the climate impact. 

The protocol describes the method for a review of academic and grey literature 

meeting the pre-defined selection criteria: the selected studies should be from a warm 

temperate or snow climate zones where wheat can grow, investigate different 

management practices, or interventions, (including tillage, fertilizer, crop rotations and 

amendments) and must measure soil C (Haddaway et al., 2016). Studies included must 

present time series data over a period of at least 30 years (Haddaway et al., 2016). An 

unpublished review based on the protocol by Haddaway et al. (2016) has been 

conducted by researchers at Lund university, resulting in annual SOC change rates for 

different sets of management.  
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Purpose and research questions 

The purpose of this thesis is to assess the climate impact of agricultural management 

methods that improve SOC content in agricultural soils, compared to conventional 

methods, based on long-term time series data on SOC changes. This includes the 

greenhouse gas emissions of all inputs to and processes on the farm up until the crop 

is harvested. The long-term data on SOC changes will determine what agricultural 

methods are promoting carbon sequestration and will be included in the study. The 

emissions from the agricultural management will be compared to the carbon losses or 

sequestration of the soil, to conclude whether the results support the notion that these 

interventions for the soil are beneficial for the climate, or not.  

 

The research questions are:  

• What is the life cycle performance in terms of GHG emissions of agricultural 

management with interventions to improve SOC in crop production, 

compared to conventional management? 

• What aspects and processes of the crop production differ significantly 

between the scenarios in terms of GHG emissions, and which contribute the 

most to the total GHG emissions?  

Limitations 

The study is limited to crop cultivation in the Swedish agricultural region of Götalands 

södra slättbygder (GSS) (Jordbruksverket, 2020). Generalization of the results to other 

regions should be done carefully. Furthermore, the “Goal and scope” section of the 

method defines the limits of the crop production system. For example, the processing 

of harvested crops into food products such as flour is not included. The temporal limit 

of the assessment is 20 years into the future.  
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Methods and materials  

The research questions of the thesis requires two main tasks to be carried out: first to 

construct scenarios that describe intervention management and conventional 

management within the scope of the study, and second to assess the life cycle 

performance in terms of greenhouse gas (GHG) emissions for both scenarios. The 

first segment of the method defines the two scenarios, describes the basis of the SOC 

changes in each scenario and how yields and nutrient inputs were calculated based on 

the SOC content of the soil. The second part of the method describes in detail how 

the method of life cycle assessment (LCA) was used to complete the second task, 

assessing the GHG emissions of the scenarios. An advantage of LCA is the ability to 

describe a complex system using only a few metrics of environmental impact. 

Combining all of the methods described here is what produces the results of this study.   

Agricultural management scenarios 

Two scenarios were constructed and compared, one intervention scenario with 

management practices to improve SOC, and one conventional scenario with 

management practices typical for GSS. The conventional scenario is mostly based on 

data from AgriWise, a planning tool for farmers maintained by the Swedish Board of 

Agriculture and the Swedish University of Agricultural Sciences based on expert and 

professional knowledge (AgriWise, 2020). GSS is characterized by a high prevalence 

of intensive crop cultivation due to beneficial climatic and soil conditions, which has 

also led to a decline in SOC compared to neighbouring regions (Brady et al., 2019). 

The climate is warm temperate, fully humid according to the Köppen-Geiger climate 

classification (Kottek et al., 2006). The nutrient application from organic fertilisers is 

lower than in other parts of Sweden while inorganic fertiliser inputs are high (SCB, 

2023). The four-year crop rotation is winter wheat, winter rape seed, spring barley and 

sugar beet. The yield for each crop refers to the harvested part of the crop, excluding 

for example straw from the grain and leaves of the sugar beets. Wheat and barley are 

harvested at a 14 % moisture content, rapeseed at 11,5 % moisture content.  
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Table 1 
Definition of management scenarios. Relevant types of management are those whose effect on SOC 
changes are investigated in the review (Haddaway et al., 2016).  

MANAGEMENT INTERVENTION 
SCENARIO 

CONVENTIONAL 
SCENARIO 

Crop rotation Winter wheat – Winter 
rapeseed – Spring barley – 

Sugar beet  

Winter wheat – Winter 
rapeseed – Spring barley – 

Sugar beet  

Fertiliser application  Organic (30 kg N ha-1) and 
inorganic  

Inorganic  

Pesticide application  Conventional Conventional 

Tillage Reduced, no ploughing  Conventional   

Crop residue management Left in field  Removed from field  

 

The intervention scenario differs from the conventional scenario in terms of organic 

and inorganic fertiliser inputs, tillage, and crop residue management. In this thesis, I 

use soil carbon change rates that are the result of an unpublished review in accordance 

with the review protocol by Haddaway et al. (2016). The data is currently not available 

in any publication and was received from one of the authors of this review, Raül López 

i Losada, a PhD student at Lund University and co-supervisor of this thesis. The data 

used from the review define the 95 % confidence interval of soil carbon change rates 

for scenarios with different number of interventions (R. López i Losada, 2024, 

personal communication). Only when all four types of interventions are applied (crop 

rotation, reduced tillage, organic fertiliser and leaving crop residues), the entire 

confidence interval is above 0, and there is a significant positive change, i.e. carbon 

sequestration. Based on this, the intervention scenario is defined as having all four 

types, while the conventional scenario only has one (crop rotation). In the review, 

having a crop rotation that differs from monoculture is considered an intervention, 

but having a crop rotation with several crops is common practice even in intensive 

conventional crop cultivation in Sweden.  

The SOC contents and change rates are limited to the top 30 cm of the soil. The 

baseline SOC content in the region is assumed to be 1.71 % (Brady et al., 2019). The 

95 % confidence interval for the change rate is -0.405±0.145 for the conventional 

scenario and 0.17±0.14 for the intervention scenario (R. López i Losada, 2024, 

personal communication). These values are the only information retrieved from the 

unpublished review, and could therefore be used to replicate this study. The relative 

changes of SOC were converted to changes in kg of carbon based on average soil 

characteristics in GSS (Brady et al., 2019). The positive or negative change of carbon 

was then converted to sequestration or emissions of CO2-equivalents.  
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Table 2  
Selection criteria for studies included in the unpublished review which SOC change rates are based on, 
according to the review protocol by Haddaway et al. (2016). The actual review may differ slightly from 

the review protocol.  

Criteria Description 

Relevant populations Arable soils in agricultural regions from the warm temperate climate 
zone and the snow climate zone. 

Relevant interventions Agricultural management practices relating to: different types, 
methods or amounts of amendments (including manure, crop 
residues, green manure, and more) or fertilizer additions, tillage 
intensity (no tillage/direct drill, reduced/conservation tillage, 
rotational/occasional tillage, conventional tillage, subsoiling); and 
crop rotations (monocultures, different crop sequences and rotation 

lengths, legumes, fallow, energy crops, annuals, perennials). 

Relevant outcomes Soil C measures, including SOC, total organic carbon (TOC), total 
carbon (TC), or soil organic matter (SOM).  

Relevant study types Interventions in the studies must have taken place over at least 30 
years. At least three measurements must be made in this time.   

 

Production functions and fertiliser input  

To determine the use of nitrogen (N) fertiliser for different scenarios, production 

functions were used according to Brady et al. (2019). The functions estimate the 

relationship between SOC content, N input and yields, using coefficients based on 

long term experimental field studies. The coefficients in Brady et al. (2019) were 

calibrated according to instructions from Mark Brady, researcher at the Swedish 

University of Agricultural Sciences and lead author of the paper, to fit expected yields 

and practices of the region, using regional data from Agriwise (Table A1 in Appendix) 

(M. Brady, 2024, personal communication). It is assumed that the N/yield ratio for a 

certain SOC level is held at the optimal level, i.e. that the farmer determines the N 

input to maximize profits based on crop prices and the cost of fertilisation. Therefore, 

N input levels can be predicted from SOC change rates with the limitation that prices 

and costs are assumed to be constant. The values for used crop prices and fertilisation 

costs are from Brady et al. (2019) based  on AgriWise data for 2020. Inputs of 

phosphorus (P) and potassium (K) were assumed to be linearly dependent on N input, 

based on Liebig’s law of the minimum, and determined using ratios from AgriWise.   

In the conventional scenario, 100 % of fertiliser needs are assumed to be met by 

inorganic fertilisers. In the intervention scenario, inorganic N fertiliser is partially 

replaced by manure equalling 30 kg of plant-available N. The inorganic P and K 

fertilisers are also replaced by manure based on the amount of manure corresponding 

to 30 kg of N. The concentration of N, P and K in manure was calculated based on 

data from Swedish Statistics which describes the total amount of manure applied in 
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GSS in terms of total weight as well as in kg of N, P and K (SCB, 2023). This data is 

therefore representative of the mix of different kinds of manure, i.e. in different forms 

from different animals, that is typically used in GSS.  

Life cycle assessment 

According to the ISO standard for LCA principles and framework, an LCA addresses 

the environmental aspects and potential environmental impacts of a product or service 

through its entire life cycle (Svenska institutet för standarder [SIS], 2006a). LCA has 

frequently been used to assess the impacts of agriculture (Goglio et al., 2015). The 

purpose of an LCA can for example be to identify how to improve the environmental 

performance of a product, or to advice decision-makers (SIS, 2006a). The ISO 

framework consists of four phases, which are executed in an iterative process: Goal 

and scope definition, inventory analysis, impact assessment and interpretation (SIS, 

2006a).  

Table 3 
Summary of all inputs and processes of the crop production included in the life cycle inventory.  

INPUTS FIELD PROCESSES POST HARVEST 

Seed cultivation 

 

Inorganic fertilisers; 

Pesticides 

- Raw materials 

- Production, energy  

- Packaging  

- Transport 

Manure 

- Transport  

 

Sowing 

Tillage 

Fertiliser/manure and 

pesticide application 

Harvesting 

- Production of 

machinery 

- Fuel use 

- Shed 

SOC changes 

Soil N2O emissions 

 

Transport of crop 

- Production of 
machinery 

- Fuel use 

Goal and scope 

There are two main categories of LCA, attributional and consequential, aimed at either 

accounting for the total environmental impacts of a product system or predicting the 

effect of changes to the system (Finnveden et al., 2009). The choice between these 

types is based on the goal of the LCA and has important consequences for how to set 

system boundaries and collect data (Tillman, 2000). The attributional modelling was 

applied in this study as it is appropriate when comparing the environmental impact of 
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two systems, while consequential modelling may be used when investigating the effects 

of changes to one system (Finnveden et al., 2009).   

The product system being studied is crop production in “Götalands södra 

slättbygder” (GSS), an agricultural region in southern Sweden. The system boundary 

should be consistent with the goal of the LCA, which is to compare different 

production systems with the same function (SIS, 2006b). It is not the main goal to 

determine the absolute and total climate impact of crop production, but rather any 

significant differences between production scenarios. Therefore, the most important 

environmental aspects to consider are those that can vary between scenarios. Including 

or excluding processes or inputs that are the same for all scenarios may affect the 

climate impact assessment of the system, but not the conclusions of the study. The 

main function of the system, and the function being considered in this study, is to 

produce food. The goal of this LCA is to compare the climate impact of the 

management scenarios, meaning that other relevant environmental impacts from 

agriculture such as eutrophication and toxicity are not considered. The LCA includes 

the effect on soil carbon in as well as other life cycle climate impacts of the crop 

production system (Table 3). The inputs of fertilisers and pesticides are considered, 

including the extraction of raw materials, transports, emissions from production and 

energy use.  

The two production scenarios are assessed in the same way, with some variables 

changing between scenarios. Each growing season is assessed based on the 

characteristics of the scenario, crop type and the expected SOC content. One growing 

season starts after the harvest of the previous crop and ends with the harvest of the 

current crop. The impacts of each crop in the crop rotation are summarized to assess 

the impact of the system. Since the properties of the soil change over time, the inputs 

and impacts are projected 20 years into the future, to assess the effects of the soil 

carbon changes on other variables such as fertiliser use and yield.  

Functional unit 

LCA is a relative method, the environmental impacts are assessed in relation to the 

function that is produced (SIS, 2006a). For example, if one farm has twice the climate 

impact compared to another, but also produces twice the amount of food, their relative 

impact is the same. To quantify the function of a system under study, a functional unit 

must be chosen (SIS, 2006a). Agricultural systems are multifunctional, therefore it is 

difficult to condense the system function into a single functional unit and different 

options have been explored (Nemecek et al., 2011). The system in this study produces 

different crops: wheat, barley, rapeseed and sugar beet. Even when only the function 

of food production is considered, one kg of wheat grain is not identical to one kg of 

sugar beet. A method to overcome this issue is to convert different crops into a single 

unit called a cereal unit (CU), established by Brankatschk and Finkbeiner (2014). The 
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method has previously been used in LCA to compare cropping systems including 

several different crops (Henryson et al., 2019; Prechsl et al., 2017). One CU 

corresponds to 1 kg of barley at 14 % moisture content, while other crops are 

converted based on their nutritional value for livestock (Brankatschk & Finkbeiner, 

2014). The yields of the crops in this study were converted to CU based on conversion 

factors provided in the supplementary material of Brankatschk & Finkbeiner (2014). 

System functions other than food production, such as crop residues being used for 

animal feed or bioenergy, is not considered in this study.   

Life cycle inventory  

The life cycle inventory (LCI) was compiled by combining the use of an LCA database 

with region-specific data from farms in GSS. The ecoQuery website was used to access 

the ecoinvent database (version 3.8), a scientific global LCA database providing 

background data for the study (ecoinvent, 2021; Wernet et al., 2016). In ecoinvent, 

data on different agricultural processes are available, such as the sowing or ploughing, 

the production of inorganic N fertiliser or transportation using a tractor and trailer. 

For each of these so-called activities, the environmental impact per functional unit is 

determined. In this study, a library of relevant activities and their impact in terms of 

GHG emissions was compiled, while the amount of each activity included in the 

model was determined based mostly on regional data (table A2 in appendix). Few 

ecoinvent activities are based on data for Sweden specifically, meaning that German, 

Swiss or in some cases global data was used instead.  

For the inputs of inorganic fertilisers, ecoinvent provides data for N, P and K 

for Sweden specifically, representing a mix of fertilisers based on national data on 

fertiliser consumption. These activities include raw material extraction, production, 

and transportation to customers. The input of packaging for fertilisers was calculated 

separately, based on the total weight of the most used fertilisers, representing >95 % 

of all inorganic fertiliser use. The production of manure was not allocated any 

environmental impact since it is considered a waste product from the animal industry. 

However, transportation using a tractor with a trailer as well as spreading of manure 

in fields was determined based on the amount of manure used, assuming a 60 km 

transport distance.  

Data on average use of pesticides for different crops was retrieved from the 

Swedish statistics agency. Data specific to GSS was available for wheat, barley, and 

rape seed, but for sugar beet national data had to be used (SCB, 2022). Using ecoinvent 

data on unspecified pesticides, the climate impact was estimated. No difference 

between scenarios in pesticide use was assumed. Packaging of pesticides was not 

included since it was not practically possible to know the concentration of the active 

substance in the pesticides and therefore the actual amount to be packaged. It was also 

noted that even if the concentration was very low (e.g. 0,1 %), emissions from 
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packaging would be negligible at the scale of other emissions, and therefore its 

omission does not impact the results.  

In crop cultivation, various machines such as tractors are used for tillage, sowing, 

applying fertiliser and pesticides, harvesting, transports, and more. For this study, 

ecoinvent data on field operations was combined with Agriwise data on fuel 

consumption from farmers in GSS. Gustafsson and Johansson (2008) described 

different soil treatment regimes, conventional and with reduced tillage based on 

professional knowledge. Different regimes are adapted to different clay contents in the 

soil (Gustafsson & Johansson, 2008). Based on a map of clay content in Swedish 

agricultural soils, the most representative number for GSS was determined to be 20% 

(Piikki & Söderström, 2019). For the conventional and intervention scenarios in this 

study, plausible soil treatment regimens were created using corresponding ecoinvent 

activities, based on the descriptions by Gustafsson and Johansson (2008). Tillage was 

assumed to be the same for all crops. Data on the number of times fertilisation and 

application of pesticides are done were taken from Nilsson et al. (2023). The modelled 

amount of soil treatment activities as well as other field operations were adjusted to 

match Agriwise data on fuel consumption for different crops in GSS. The field 

operations considered are sowing, tillage, fertilisation (inorganic and manure), 

pesticide application and harvesting. Additionally, the transportation of the harvested 

crop to a storage site is included, as well as the transportation of manure to fields.   

The impact of seeds for sowing was accounted for by subtracting from the yields, 

based on Agriwise values for how much seeds are needed per hectare. For sugar beet, 

where the seeds and what you harvest are different, ecoinvent data on how much sugar 

beet is produced per kg of sugar beet seed was used.  

To quantify soil N2O emissions in LCA, P. Goglio et al. (2018) recommended 

using the IPCC tier 2 approach. In this study, the direct N2O emissions from the soil 

were calculated using a limited version of the IPCC tier 2 approach using disaggregated 

values for synthetic (inorganic) and organic N inputs, the limiting factor being that N 

inputs from crop residues was unknown (Hergoualc’h et al., 2019). The emission 

factors used were those for a wet climate (0,016 kg N2O-N kg N-1 for inorganic N, 

0,006 kg N2O-N kg N-1 for organic N and N mineralization from SOC losses). The 

indirect N2O emissions were calculated using the IPCC tier 1 approach, using 

aggregated default values for volatilisation fractions and emission factors for wet 

climate (Hergoualc’h et al., 2019). The N2O emissions were converted to CO2-

equivalents using characterization factors from Forster et al. (2021), which are the 

same for GWP20 and GWP100 (273 kg CO2-eq kg N2O-1).  

Impact assessment  

LCA covers the potential environmental impacts of the assessed product, which 

typically includes a diversity of impacts (Finnveden et al., 2009). However, the impact 
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categories should most importantly be chosen to address the goal of the study (SIS, 

2006a). In this study, the only environmental aspect being considered is greenhouse 

gas emissions causing climate change. The used impact assessment method was 

ReCiPe, a model at the global scale based on current scientific understanding, 

including several different impact categories (Huijbregts et al., 2017). The midpoint 

characterisation factor for climate change used in ReCiPe is the widely used global 

warming potential (GWP) for different time horizons where short-lived greenhouse 

gases are given different weights. In this study, both 20-year and 100-year GWP was 

determined.  
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Results 

Difference in GHG emissions  

The life cycle performance of the intervention scenario in terms of greenhouse gas 

emisisons is better compared to conventional scenario (Figure 1). Based on mean 

values for the SOC changes, the net GWP100 per functional unit, including soil 

emissions of CO2 and N2O, is 49 % lower in the intervention scenario compared to 

the conventional. The total difference between the scenarios is 246 kg CO2-eq, of 

which 174 kg, or 71 %, comes from the difference in SOC.  

 

Figure 1. The total GWP100 per functional unit for each scenario, using mean values for SOC and 
corresponding variables. One full crop rotation, the last of the 20 year projection, is considered. The 
changes over time to SOC content, N input and yields derived from production functions are included. 

All inputs and processes described in table 3 are included.  
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Additionally, the difference in emissions can mostly be contributed to inorganic 

fertiliser inputs and soil N2O emissions. The N2O emissions from the soil are the 

single largest emission source in both scenarios, 29 % of total emissions in the 

conventional scenario and 31 % of the positive emissions (not considering SOC 

change) in the intervention scenario. The N2O emissions are 26 % lower in the 

intervention scenario than in the conventional scenario. The GHG emissions from the 

management, i.e. the input of fertilisers, pesticides, and the use of machines for field 

operations and transports, are 14 % lower in the intervention scenario than in the 

conventional.  

 

The emissions from the production and use of fertilisers contribute substantially to 

the total emissions. The inorganic fertiliser input, including production, transport and 

packaging of said fertilisers account for 28 % of emissions in the conventional scenario 

and 22 % of positive emissions in the intervention scenario. The direct emissions of 

N2O from the soil are also directly dependent on the input of N fertilisers, when 

calculated using the IPCC tier 1 approach. N is the nutrient with the highest input, 

thus the emissions from inorganic nitrogen fertiliser production are also high (Figure 

2). The total N input is slightly lower in the intervention scenario due to the higher 

SOC, but most of the difference between inorganic N input between scenarios come 

from the replacement of inorganic fertiliser with manure.  

Figure 2 GWP100 per functional unit of fertiliser related emissions for each scenario. One full crop 
rotation, the last of the 20 year projection, is considered. The changes over time to SOC content, N 
input and yields derived from production functions are included. 
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However, the large amounts of manure, ca 16 tons ha-1 yr-1 to get 30 kg plant-available 

N ha-1, that must be transported leads to emissions that almost negate that reduction. 

Emissions from the transport and spread of manure amount to 11 % and 1 % 

respectively of total positive emissions in the intervention scenario. The amount of 

manure that is applied to reach 30 kg ha-1 of plant-available N contains enough K to 

more than meet the need, leading to inorganic K input being zero in the intervention 

scenario. The direct soil emissions of N2O are lower when manure replaces inorganic 

N fertiliser since the emission factor for the organic fertiliser is substantially lower.  

Different crops, having different yields and nutritional values, contribute 

unequally to the total yield in cereal units. They also have different fertiliser demands. 

Sugar beet stands out by contributing the most to the total yields. Actual yields of 

sugar beet are an order of magnitude larger by weight than for the other crops, which 

after conversion to cereal unit is still high. However, sugar beet also has higher 

emissions from harvesting and crop transport due to having much higher mass. 

Excluding soil emissions (which are not dependent on crop type), the GWP100 per 

functional unit is the highest for rapeseed, followed by wheat, sugar beet and barley.  

Responses in yields and N inputs to SOC changes 

The change in SOC differs significantly between the scenarios which causes the 

difference in carbon emissions, but also influences the use of fertilisers and the yields. 

Figure 4 shows the changes over time of SOC, yields and optimal N input for winter 

wheat. The results show that the relative changes in yields and N inputs over 20 years 

Figure 3 The contribution of different crops to the total yields (converted to CU) and total N input for 
each scenario. One full crop rotation, the last of the 20 year projection, is considered. 
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are relatively small. Here, the changes of yields and N inputs are shown only for wheat 

as an example, however changes for other crops are similar.  

Table 4  
Comparison of SOC, yields and N inputs based on wheat between current average (rotation 1) and 

estimated values 20 years in the future (rotation 6). Based on mean values for SOC changes.  

Scenario SOC, 
conventional 
(% in 
topsoil) 

Wheat yield, 
conventional 

(kg ha-1) 

Optimal N 
input, 
conventional 
(kg ha-1) 

SOC, 
intervention 
(% in 
topsoil) 

Wheat yield, 
intervention 

(kg ha-1) 

Optimal N 
input, 
intervention 
(kg ha-1) 

Rotation 1 1,71 8111 192 1,71 8111 192 

Rotation 6 1,58 7769 196,7 1,77 8252 189,9 

Change -7,8 % -4,2 % 2,4 %  3,5 % 1,7 % -1,1 % 

Figure 4. Development of SOC, expected yields and optimal N input for wheat from the base year and 
20 years into the future. The 95 % confidence interval for the annual change rate is -0.405±0.145 % for 
the conventional scenario and 0.17±0.14 % for the intervention scenario (R. López i Losada, 2024, 
personal communication). Yields and optimal N input are calculated using production functions. Data 

points are taken every four years, when wheat occurs in the crop rotation.  
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SOC change rate margin of errors  

To investigate whether possible scenarios within the margin of error for SOC changes 

(Figure 4) affect the conclusions drawn from the mean scenario (Figure 1), two 

alternatives where tested. A maximum SOC difference scenario was tested by 

assuming that the SOC change rate in the conventional scenario is at the upper bound 

of the confidence interval, while in the intervention scenario it is at the lower bound. 

The minimum SOC difference scenario assumes the opposite, that the conventional 

SOC change rate is at the lower bound and the intervention change rate is at the upper 

bound, maximizing the difference between scenarios. In the minimum difference 

scenario shown in Figure 5, the net total emissions of the intervention scenario are 31 

% lower than in the conventional scenario. Excluding soil emissions of CO2 and N2O, 

the emissions from the management are 11 % lower in the intervention scenario.  

 

Figure 5 Total GWP100 per functional unit in the mininum SOC difference scenario. One full crop 
rotation, the last of the 20 year projection, is considered. The changes over time to SOC content, N 
input and yields derived from production functions are included. All inputs and processes described in 
table 3 are included. For SOC changes, upper bound values of the confidence interval are used in the 
conventional scenario while lower bound values are used in the intervention scenario. 
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In the maximum differnce scenario shown in Figure 6, the total emissions from the 

intervention scenario are 63 % lower than in the conventional scenario, excluding soil 

emissions the management emissions are 18 % lower. This comparison shows the 

effect that the margin of error of the SOC changes has on the results of the study.  

 

 

Impact of GWP time horizon  

The effects on the results of considering GWP from either a 20-year or 100-year 

perspective are minor. The direct soil emissions of CO2 and N2O are not considered 

different between 20- and 100-year perspectives. They are therefore not included in 

the comparison in Figure 7, which shows only emissions from inputs of fertilisers and 

pesticides, field operations and transports. The GWP20 is slightly higher than the 

GWP100 for every activity included, indicating some emissions of short lived but high 

Figure 6 Total GWP100 per functional unit in the maximum SOC difference scenario. One full crop 
rotation, the last of the 20 year projection, is considered. The changes over time to SOC content, N 
input and yields derived from production functions are included. All inputs and processes described in 
table 3 are included. For SOC changes, lower bound values of the confidence interval are used in the 

conventional scenario while upper bound values are used in the intervention scenario. 
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potency greenhouse gases in the life cycle of each activity. From the production of 

inorganic fertilisers, the GWP20 is 8-9 % higher than GWP100. From field operations, 

it is 4-9 % higher while for pesticide production it is 17 % higher.  

 

 

 

 

 

  

Figure 7 GWP 100 (left) compared to GWP 20 (right) of the management in each scenario. One full 
crop rotation, the last of the 20 year projection, is considered. The changes over time to SOC content, 
N input and yields derived from production functions are included. All inputs and processes described 
in table 1, except those related to soil emissions of CO2 and N2O, are included. 
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Discussion 

The results of this study show a substantial difference in greenhouse gas emissions 

between the compared scenarios. The choice between a 20-year and 100-year 

perspective for GWP does not impact the results meaningfully, therefore only 

GWP100 is considered when discussing the results. The uncertainty of the SOC 

predictions can cause that difference to be smaller or bigger, but in any case, the 

intervention scenario performs better from a climate perspective. However, the 

difference in net emissions is built up mainly by the difference in SOC changes, while 

the emissions from the management are only slightly smaller in the intervention 

scenario. An explanation for this is that overall, the two scenarios are similar in terms 

of inputs and operations. In the intervention scenario, manure is used but most of the 

N is still supplied from inorganic fertiliser. The intervention scenario also has reduced 

tillage and lesser fuel consumption, but most of the field operations are the same. The 

SOC changes, however, differ significantly because the intervention scenario has a 

positive change, while the conventional scenario has a negative change. The relative 

difference of soil N2O emissions between scenarios are significant, but these results 

are among the most uncertain, which will be further discussed in this section.   

Management emissions  

In this section, the reasons behind the differences in emissions from management, i.e. 

direct and indirect emissions from inputs, field operations and transports, and the 

effect of crop rotations are discussed. Both scenarios had the same crop rotation, 

however it is also apparent that different crops have different contributions to yields 

and fertiliser inputs (Figure 3). Different crops also have different pesticide inputs, and 

to some extent different field operations. This means that crops contribute differently 

to total GHG emissions, and alternative crop rotations could have higher or lower 

GWP.  
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Fertilisers and manure  

One important factor contributing to the lesser emissions in the intervention scenario 

is the replacement of inorganic fertilisers with manure. The supply of manure is 

typically not allocated any environmental impact of the meat or dairy production it is 

sourced from. However, the GHG leakage during manure storage and transport can 

be allocated to the crop production in a LCA (Meisterling et al., 2009). During storage 

and transport of manure, greenhouse gases can be directly emitted from the manure 

(Hansen et al., 2006). In this study, no such emissions were considered before the 

manure was applied to the fields, leading to lower emissions for the intervention 

scenario compared to if direct manure emissions where quantified and allocated to the 

crop production. According to Hansen et al. (2006), a significant amount of the 

manure’s carbon and nitrogen can be lost to the atmosphere during storage, reducing 

the positive effects of applying it to the fields. The loss of organic matter and nutrients, 

corresponding with the GHG emissions, can be reduced with the right handling of the 

manure, such as covering or straw content (Hansen et al., 2006; Sommer & Møller, 

2000). In the comparison of scenarios in Figure 1, the soil N2O emissions are lower 

in the intervention scenario partially because the emission factor for organic N inputs 

is lower than for inorganic N. This difference could be negated by the manure 

emissions before field application. Hansen et al. (2006) report 4,8 % of initial nitrogen 

in uncovered manure being lost as N2O, an order of magnitude higher than the 0,6 % 

assumed to be lost from manure applied in the field according to IPCC emission 

factors. How the emissions during storage should be allocated is another matter, as 

not applying manure to fields would not eliminate those emissions.  

Decreasing the amount of manure in the intervention scenario increases the 

emissions from inorganic fertiliser production but decreases the emissions from 

manure transport and application. The net change is a very small decrease in in total 

emissions when manure inputs are decreased. This does not account for relationship 

between manure amount and carbon sequestration, which could be a more important 

factor in determining the optimal manure input. Applying large amounts of manure 

has been shown to increase SOC significantly in a short time, but this also increases 

N leakage (Blair et al., 2006). Additionally, as seen in Figure 2, the emissions related to 

manure are mainly those from the transportation, which assumes that manure is 

transported 60 km. 60 km is a rough estimation based on data from Agriwise and also 

assuming that local availability is low, requiring longer  transports on avarage. The 

availability of manure varies, and emissions could be significantly lower, or higher, 

depending on proximity to animal agriculture.  

 

 

 



31 

Pesticides 

The GHG emissions from pesticides were very small relative to other emission 

sources. There is no difference in the input of pesticides between scenarios, yet a small 

difference in emissions is present because of different values of the functional unit. 

The assumption that there would be no difference of inputs between scenarios might 

be false, given that tillage is an important factor in the management of weeds (Cordeau 

et al., 2020; Hobbs et al., 2008). Other studies have concluded that the exact effect of 

tillage on pesticide intensity is not clear (Deike et al., 2008; Sorensen et al., 2014). No 

method for quantifying the impact of reduced versus conventional tillage on pesticide 

use was identified in this study. Given the very low GHG emissions from pesticides 

in the current results, it is unlikely that it would affect the conclusions of the study.  

Field operations and transport 

This study shows that while GHG emissions from field operations are lower when 

tillage is reduced, the change is relatively small. The GWP100 from field operations, 

excluding transports, where 12 % lower in the intervention scenario. In another LCA 

study, Sorensen et al. (2014) found that reduced or no tillage uses respectively 26 % 

and 41 % less energy, corresponding to fuel use, compared to conventional tillage, 

indicating a slightly larger difference than in this study. This is likely an effect of 

different assumptions on tillage scenarios. Sorensen et al. (2014) also evaluated the 

effect of tillage on SOC and concluded that reducing the loss of SOC through reduced 

tillage had a bigger effect on the total GHG emissions than the reduced fuel use.  

The GHG emissions from the agricultural management come primarily from the 

use of fossil fuels, either to extract and produce inorganic fertilisers or to power 

tractors and other machinery for field operations and transports. While soil carbon 

sequestration shows promise as a climate change mitigation measure, it will only 

partially compensate for the fossil fuel emissions in the world (Minasny et al., 2017; 

Schlesinger & Amundson, 2019). This thesis shows what while GHG emissions from 

management can be lowered by interventions that also improve SOC, the carbon 

sequestration is not enough to offset the remaining emissions. The conclusion is that 

the intervention scenario is performing better in terms of GHG emissions, but that 

emissions will need to be reduced further to reach climate neutrality. For example, the 

fossil fuel dependency of field operations must be dealt with in the future, e.g. through 

electrification (Lagnelöv et al., 2022).  
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Soil emissions  

Soil organic carbon changes  

The difference of SOC changes between scenarios is the most impactful aspect of the 

total difference in GHG emissions. The accuracy of the SOC change rates is therefore 

important for the robustness of the results. As concluded by Goglio et al. (2015), there 

are compromises between to be made in the method of accounting for SOC in LCA, 

regarding the robustness and accuracy of the results against the feasibility of the 

method. In this study, the data which the SOC change rates are based on is of high 

quality and specific to the climate of the region. The method of determining SOC 

changes is in line with what previous research has recommended (Haddaway et al., 

2016; Sanderman & Baldock, 2010). This supports the accuracy and representativeness 

of the results. However, the SOC change rates are applicable to general categories of 

agricultural management, and do not describe in detail the effect of different crop 

rotations, having reduced tillage compared to no tillage, or the exact amount of manure 

being applied.  

When assessing the ability of carbon sequestration to compensate for GHG 

emissions, time is an important aspect to consider. The permanence of carbon stocks 

in the soil is complex to determine and depend on many different factors (Smith, 

2005). While the longevity of different GHG in the atmosphere is considered in the 

GWP metric for a certain period, the same cannot be said for SOC which complicates 

the comparison. It may be that soil carbon sequestration’s primary potential lies in 

short term mitigation, only buying time to further reduce fossil emissions (Smith, 

2012).  

The assessment of the SOC change rate margin of error (Figure 3; Figure 4) 

shows that while the life cycle performance of the scenarios is affected, the difference 

between scenarios remains significant. Even if the carbon sequestration potential of 

the intervention scenario would be minimal, it has lower GHG emissions. However, 

the ability of the intervention management to achieve net negative emissions and act 

as a climate compensation measure can be questioned. Even in the best-case scenario 

for the intervention management (Figure 4), emissions are far from net zero.  

Nitrous oxide emissions  

The emissions of N2O from soils were found to be significant in both scenarios and 

are also a major factor in the difference between scenarios. Like some previous LCA 

studies, it was found that soil N2O is the single largest source of GHG emissions from 

crop production (Camargo et al., 2013; Nilsson et al., 2023). Other studies show 

varying results dependent on crop types and growing conditions (Aguilera et al., 2015; 
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Henryson et al., 2019). Direct and indirect soil emissions of nitrous oxide (N2O) were 

calculated in this study using the IPCC approach, which roughly estimates emissions 

based on N inputs and a general characterization of climate (wet/dry) (Hergoualc’h et 

al., 2019). The interaction between N and C cycles in the soil are complicated, and 

effects are dependent on local soil and climatic conditions (Guenet et al., 2021; Wang 

et al., 2021). The IPCC tier 1 and 2 methodologies do not factor in all these local 

conditions and has been criticised for under-estimating N2O emissions and having 

high uncertainty at the regional and local scale (Crutzen et al., 2008; Reay et al., 2012). 

The tier 2 approach is more reliable than the tier 1, but neither method considers local 

soil characteristics which can impact N2O emissions (Goglio et al., 2018; Henryson et 

al., 2019).  

The most important question, however, is whether there is a significant 

difference in soil N2O emissions between the management scenarios. In a review of 

several meta-analyses, Guenet et al. (2021) find that measures to increase SOC can 

increase N2O emissions which can partially off-set the carbon sequestration. 

Particularly, the adoption of reduced or no tillage can have a detrimental effect on 

N2O emissions (Mei et al., 2018). However, another large meta-analysis found no 

significant effect on N2O emissions from tillage intensity (van Kessel et al., 2013). On 

the contrast, the application of manure could have a positive effect, reducing the 

emissions of NH3 which indirectly causes N2O emissions (Xia et al., 2017). In 

summary, it is uncertain how the management scenarios in this study would differ in 

terms of N2O emissions, since both scenarios includes methods that could have 

positive or negative effects. Future research should prioritize quantifying effects on 

N2O emissions from management practices under regional conditions in GSS.  

Limitations and future research  

The use of LCA methodology means creating a model of a real system, based on data 

and assumptions. These assumptions may or may not have a significant impact on the 

results. Limitations of the method, such as what inputs and processes are included or 

not, may skew the results or affect the applicability of the results to other contexts. In 

this section, the potential effects of some assumptions and limitations in this study are 

discussed.  

The ratio of N input and yields to SOC is dependent on crop prices and the costs 

of fertilisation. An increase of fertilisation costs of 50 % while crop prices remain the 

same would result in lower N input and yields, but only marginally reduce the GHG 

emissions per FU from fertilisation. The reduction in yields is also small, about 2 %, 

but might be a concern from a food security perspective. If crop prices increase while 

fertilisations costs stay the same, yields and emissions are still reduced. If crop prices 

change as much as the fertilisation costs, there is no change in yields or emissions. If 
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fertilisation costs change, the cost of production would change in the same direction 

and logically, crop prices would roughly follow the same trend. The conclusion is that 

these costs and prices have little effect on the GHG emissions of agriculture.  

The results of this study in terms of GHG emissions are put in relation to the 

functional unit, i.e. how much food is produced, meaning that higher yields will 

decrease the relative GWP. A fraction of the difference between the management 

scenarios can be explained by the slightly higher yields in the intervention scenario, 

which are expected to be higher over time because of the higher SOC content (Brady 

et al., 2015; Johnston et al., 2009). This is supported by the conclusions of Henryson 

et al. (2018), namely that increased yields from SOC contribute to the positive effects 

on the climate from increasing SOC, from an LCA perspective.  

The used method of calculating yields does not consider other factors that can 

have an impact, which is significant if the management methods such as tillage affect 

yields in other ways. For example, the effect of reduced or no tillage on yields have 

previously been included in LCA (Sorensen et al., 2014). In a meta-analysis of 47 

European studies, Van den Putte et al. (2010) found that reduced tillage can have a 

negative but limited effect on yields. Another, global, meta-analysis drew similar 

conclusions, that effects on yields are small especially in a temperate climate (Pittelkow 

et al., 2015). This implies that the relative GWP of the intervention scenario in this 

study could be underestimated, but not likely so much that the conclusions change.  

The SOC change rate of the intervention scenario presumes that crop residues 

are left in the field. This had no consequences for the LCA and the GHG emissions, 

as it was not expected to significantly influence field operations. However, if system 

boundaries are expanded and functions other than food production are considered, 

the value of the crop residues that are harvested could affect the results. For example, 

straw from cereals and other residual products can be used for energy or as feed or 

bedding in animal production (Brankatschk & Finkbeiner, 2015; Gontard et al., 2018). 

These functions can be considered when calculating cereal units, and thus contribute 

to a higher environmental efficiency in the conventional scenario (Brankatschk & 

Finkbeiner, 2014). Future research could take a more holistic approach to assess the 

benefits and impacts of management in crop production.  
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Conclusions 

The intervention scenario has significantly lower net GHG emissions than the 

conventional scenario. Considering the margin of error for SOC changes, this 

conclusion is still supported. The difference in SOC changes constituted the biggest 

portion of the total difference, followed by soil N2O emissions and emissions from 

inorganic fertiliser inputs. Pesticide use caused very low GHG emissions relative to 

other inputs and processes. Transport and spread of manure in the intervention 

scenario negated some of the emission reduction. Management and emission 

allocation of manure may impact results since there can be significant losses of C and 

N from the manure before field application. Moreover, assumptions of transport 

distance for manure affect the results, indicating local availability of manure as an 

important factor.  

The effect that differences in management has on direct and indirect N2O 

emissions from the soil are not quantitatively addressed in this study. Some previous 

studies indicate that these effects are minor, while others argue that it negates the 

benefits of management promoting carbon sequestration. Given the scale of soil N2O 

emissions, such effects could have significant impact on the results of the study, 

warranting further research.  

Most of the difference between scenarios are in the soil emissions, while 

management emissions differ only slightly. This shows that the accuracy of methods 

to assess soil GHG emissions should be prioritised. In the intervention scenario, the 

carbon sequestration is far from offsetting all emissions, indicating that this form of 

intervention management is not sufficient to reach climate neutrality. Still, the results 

support the idea that intervention management is beneficial for the climate not only 

because of carbon sequestration, but because management and soil N2O emissions are 

also lower.  
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Appendix 

Here, supplementary data explaining some of the details of the method are presented. 

Calculations of yields and fertiliser inputs as a function of SOC, using production 

functions of Brady et al. (2019, were based on the numbers presented in table A1. 

Tables A3-A6 detail how SOC, yields, and fertiliser inputs as well as GHG emissions 

from different categories change over time and between different crops. GHG 

emissions are presented per hectare, and not per functional unit. However, only the 

last full crop rotation is considered when presenting GHG emissions in the results of 

the thesis.  

Table A1 
Typical inputs and yields conditions for different crops in GSS, based on AgriWise (2020) data. 
Fertilisation costs includes the costs of P and K fertiliser as well as energy costs from fertiliser 

application, explaining the different values for different crops. 

 W. wheat S. barley Rapeseed Sugar 
beet 

Reference 

Yield (kg ha-1) 8111 6273 3625 71943 Agriwise (2020) 

N input (kg N ha-1) 192 108 173  120 Agriwise (2020) 

P input (kg P kg N-1) 0,125 0,1734 0,1503 0,2667 Agriwise (2020) 

K input (kg K kg N-1) 0,1354 0,1468 0,1503 0,1333 Agriwise (2020) 

Crop price (SEK kg-1) 1,51 1,45 3,64 0,32 Brady et al. 
(2019) 

Fertilisation cost (SEK 
kg N-1) 

16,0 15,1 20,8 33,5 Brady et al. 
(2019) 

Pesticide input (kg 
active substance ha-1) 

1,41 0,70 0,44 2,38 SCB (2022) 
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Table A2 

List of ecoinvent activities used in the model, the geographic scope of the ecoinvent data and the source 
data used to quantify inputs in this study. These activities represent all greenhouse gas emissions 
included in the LCA except for SOC changes and soil N2O emissions.  

Activity Ecoinvent 
geography 

Input data  

Inorganic N fertiliser Sweden See table A1 

Inorganic P fertiliser Sweden See table A1 

Inorganic K fertiliser  Sweden See table A1 

Packaging for fertiliser Global Based on N/P/K concentration in fertilisers 
representing >95 % of Swedish market according to 
ecoinvent  

Pesticide, unspecified Global See table A1 

Tillage, rolling Switzerland Adapted from Gustafsson & Johansson (2008) 

Tillage, Harrowing, By 
Rotary Harrow 

Switzerland Adapted from Gustafsson & Johansson (2008) 

Tillage, Harrowing, By 
Spring Tine Harrow 

Switzerland Adapted from Gustafsson & Johansson (2008) 

Tillage, Ploughing Switzerland Adapted from Gustafsson & Johansson (2008) 

Application Of Plant 
Protection Product, By 
Field Sprayer 

Switzerland Nilsson et al. (2023) 

Fertilising, By Broadcaster Switzerland Nilsson et al. (2023) 

Combine harvesting  Switzerland ecoinvent (2021) 

Harvesting, beets Switzerland ecoinvent (2021) 

Sowing Switzerland Adapted from Gustafsson & Johansson (2008) 

Solid manure loading and 
spreading, by hydraulic 

loader and spreader 

Switzerland Function of amount of solid manure used, based on 
SCB (2023) 

Liquid manure spreading, 
by vacuum tanker 

Switzerland Function of amount of liquid manure used, based on 
SCB (2023) 

Transport, tractor and 
trailer 

Switzerland Based on crop yields assuming 30 km transport 
(Agriwise, 2020), plus amount of manure assuming 
60 km transport 
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Table A3 
SOC, yields and nutrient inputs in the conventional scenario, modelled 20 years into the future using 
production functions. Mean values for SOC change rates are used.  

Year Crop SOC mean 
(% in 30 cm 
topsoil) 

Yield  

(kg ha-1) 

Cereal 
unit  

(kg ha-1) 

Optimal 
N input 
(kg ha-1) 

Optimal P 
input  

(kg ha-1) 

Optimal K 
input  

(kg ha-1) 

0 Wheat 1,71 8111 8217 192,00 24,00 26,00 

1 Rapeseed 1,70 3606 4680 173,00 26,00 26,00 

2 Barley 1,70 6262 6082 109,22 18,94 16,03 

3 Sugar beet 1,69 71692 16477 125,02 33,34 16,67 

4 Wheat 1,68 8043 8146 192,97 24,12 26,13 

5 Rapeseed 1,68 3528 4579 173,00 26,00 26,00 

6 Barley 1,67 6240 6060 109,66 19,02 16,10 

7 Sugar beet 1,66 71342 16397 131,62 35,10 17,54 

8 Wheat 1,66 7975 8075 193,92 24,24 26,26 

9 Rapeseed 1,65 3451 4478 173,00 26,00 26,00 

10 Barley 1,64 6217 6037 110,09 19,09 16,16 

11 Sugar beet 1,64 70974 16312 138,11 36,83 18,41 

12 Wheat 1,63 7906 8004 194,86 24,36 26,38 

13 Rapeseed 1,62 3373 4378 173,00 26,00 26,00 

14 Barley 1,62 6194 6014 110,52 19,16 16,22 

15 Sugar beet 1,61 70589 16223 144,50 38,54 19,26 

16 Wheat 1,60 7838 7933 195,79 24,47 26,51 

17 Rapeseed 1,60 3296 4277 173,00 26,00 26,00 

18 Barley 1,59 6171 5991 110,94 19,24 16,29 

19 Sugar beet 1,58 70188 16131 150,79 40,21 20,10 

20 Wheat 1,58 7769 7861 196,70 24,59 26,63 

 
  



52 

Table A4 
GWP (100 years) of different categories for each year in the conventional scenario. The category 
inorganic fertilisers include the production of N, P and K fertilisers including transport to the 
customers. Pesticides includes production and transport. Field operations include sowing, tillage, 
application of pesticides and inorganic fertilisers and harvesting. 

Year Crop SOC change 
(kg CO2-eq 
ha1-) 

N2O 
emissions (kg 
CO2-eq ha1-) 

GWP100 
inorganic 
fertilisers 

(kg CO2-
eq ha1-) 

GWP100 
pesticides  

(kg CO2-eq 

ha1-) 

GWP 100 
fertiliser 
packaging 

(kg CO2-eq 
ha1-) 

GWP 100 
crop 
tranport 

(kg CO2-
eq ha1-) 

GWP 100 
manure 
transport 
(kg CO2-

eq ha1-) 

GWP 100 
manure 
spread  
(kg CO2-

eq ha1-) 

GWP 100 
field 
operations 
(kg CO2-

eq ha1-) 

0 Wheat 0,00 1444,73 1322,73 13,42 94,97 87,22 0,00 0,00 408,20 

1 Rapeseed 1112,11 1379,84 1233,46 4,19 86,18 38,78 0,00 0,00 399,29 

2 Barley 1107,62 899,62 792,20 6,66 54,65 67,34 0,00 0,00 242,42 

3 Sugar 
beet 

1103,14 1018,17 969,47 22,66 63,65 770,97 0,00 0,00 1155,07 

4 Wheat 1098,68 1529,16 1329,42 13,42 95,45 86,49 0,00 0,00 408,20 

5 Rapeseed 1094,24 1378,58 1233,46 4,19 86,18 37,94 0,00 0,00 399,29 

6 Barley 1089,82 901,68 795,39 6,66 54,87 67,10 0,00 0,00 242,42 

7 Sugar 
beet 

1085,42 1066,59 1020,64 22,66 67,01 767,20 0,00 0,00 1155,07 

8 Wheat 1081,03 1535,10 1335,99 13,42 95,92 85,76 0,00 0,00 408,20 

9 Rapeseed 1076,66 1377,35 1233,46 4,19 86,18 37,11 0,00 0,00 399,29 

10 Barley 1072,31 903,70 798,53 6,66 55,08 66,86 0,00 0,00 242,42 

11 Sugar 
beet 

1067,97 1114,22 1070,99 22,66 70,32 763,24 0,00 0,00 1155,07 

12 Wheat 1063,66 1540,95 1342,46 13,42 96,39 85,02 0,00 0,00 408,20 

13 Rapeseed 1059,36 1376,13 1233,46 4,19 86,18 36,28 0,00 0,00 399,29 

14 Barley 1055,08 905,69 801,61 6,66 55,30 66,61 0,00 0,00 242,42 

15 Sugar 
beet 

1050,81 1161,09 1120,54 22,66 73,57 759,09 0,00 0,00 1155,07 

16 Wheat 1046,57 1546,70 1348,83 13,42 96,84 84,28 0,00 0,00 408,20 

17 Rapeseed 1042,34 1374,94 1233,46 4,19 86,18 35,44 0,00 0,00 399,29 

18 Barley 1038,12 907,65 804,65 6,66 55,50 66,36 0,00 0,00 242,42 

19 Sugar 
beet 

1033,93 1207,20 1169,28 22,66 76,77 754,78 0,00 0,00 1155,07 

20 Wheat 1029,75 1552,36 1355,09 13,42 97,29 83,54 0,00 0,00 408,20 
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Table A5 
SOC, yields and nutrient inputs in the intervention scenario, modelled 20 years into the future using 
production functions. Mean values for SOC change rates are used.  

Year Crop SOC mean 
(% in 30 cm 
topsoil) 

Yield  

(kg ha-1) 

Cereal unit  

(kg ha-1) 

Optimal N 
input  

(kg ha-1) 

Optimal P 
input  

(kg ha-1) 

Optimal K 
input  

(kg ha-1) 

0 Wheat 1,71 8111 8217 192,00 24,00 26,00 

1 Rapeseed 1,71 3633 4715 173,00 26,00 26,00 

2 Barley 1,72 6278 6098 108,91 18,88 15,99 

3 Sugar beet 1,72 72045 16558 117,87 31,44 15,71 

4 Wheat 1,72 8139 8247 191,59 23,95 25,94 

5 Rapeseed 1,72 3665 4757 173,00 26,00 26,00 

6 Barley 1,73 6287 6107 108,72 18,85 15,96 

7 Sugar beet 1,73 72178 16589 115,02 30,68 15,33 

8 Wheat 1,73 8168 8276 191,17 23,90 25,88 

9 Rapeseed 1,74 3698 4799 173,00 26,00 26,00 

10 Barley 1,74 6296 6116 108,53 18,82 15,93 

11 Sugar beet 1,74 72307 16619 112,15 29,91 14,95 

12 Wheat 1,75 8196 8305 190,76 23,84 25,83 

13 Rapeseed 1,75 3730 4841 173,00 26,00 26,00 

14 Barley 1,75 6304 6124 108,34 18,79 15,90 

15 Sugar beet 1,75 72432 16647 109,26 29,14 14,56 

16 Wheat 1,76 8224 8335 190,34 23,79 25,77 

17 Rapeseed 1,76 3762 4883 173,00 26,00 26,00 

18 Barley 1,76 6313 6133 108,14 18,75 15,88 

19 Sugar beet 1,77 72554 16675 106,35 28,36 14,18 

20 Wheat 1,77 8252 8364 189,91 23,74 25,71 
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Table A6 
GWP (100 years) of different categories for each year in the intervention scenario. The category 
inorganic fertilisers include the production of N, P and K fertilisers including transport to the 
customers. Pesticides includes production and transport. Field operations include sowing, tillage, 
application of pesticides and inorganic fertilisers and harvesting. 

Year Crop Yearly soil 
emission 
CO2-eq 
(kg) 

N2O 
emissions 
(kg CO2-
eq) 

GWP100 
Fert. 

GWP100 
Pesticides 
GSS 

GWP 100 
packaging 
fert. 

Crop 
transport 
GWP100 

Manure 
transport 
GWP100 

Manure 
spread 
GWP100 

GWP 100 
field 
operations 

0 Wheat 0,00 1345,73 907,50 13,42 77,40 87,22 347,23 21,82 344,90 

1 Rapeseed -468,16 1201,39 818,20 4,19 68,61 39,07 347,23 21,82 335,35 

2 Barley -468,95 714,49 431,09 6,66 37,52 67,51 347,23 21,82 169,54 

3 Sugar beet -469,75 782,62 556,80 22,66 43,06 774,76 347,23 21,82 1094,76 

4 Wheat -470,55 1342,60 904,98 13,42 77,20 87,53 347,23 21,82 344,90 

5 Rapeseed -471,35 1201,39 818,20 4,19 68,61 39,42 347,23 21,82 335,35 

6 Barley -472,15 713,05 429,88 6,66 37,42 67,60 347,23 21,82 169,54 

7 Sugar beet -472,96 760,96 536,83 22,66 41,63 776,18 347,23 21,82 1094,76 

8 Wheat -473,76 1339,45 902,44 13,42 77,00 87,83 347,23 21,82 344,90 

9 Rapeseed -474,57 1201,39 818,20 4,19 68,61 39,77 347,23 21,82 335,35 

10 Barley -475,38 711,61 428,66 6,66 37,33 67,70 347,23 21,82 169,54 

11 Sugar beet -476,18 739,16 516,73 22,66 40,19 777,57 347,23 21,82 1094,76 

12 Wheat -476,99 1336,28 899,88 13,42 76,79 88,14 347,23 21,82 344,90 

13 Rapeseed -477,81 1201,39 818,20 4,19 68,61 40,11 347,23 21,82 335,35 

14 Barley -478,62 710,15 427,43 6,66 37,24 67,80 347,23 21,82 169,54 

15 Sugar beet -479,43 717,20 496,49 22,66 38,74 778,92 347,23 21,82 1094,76 

16 Wheat -480,25 1333,08 897,31 13,42 76,59 88,44 347,23 21,82 344,90 

17 Rapeseed -481,07 1201,39 818,20 4,19 68,61 40,46 347,23 21,82 335,35 

18 Barley -481,88 708,69 426,19 6,66 37,14 67,89 347,23 21,82 169,54 

19 Sugar beet -482,70 695,10 476,12 22,66 37,29 780,23 347,23 21,82 1094,76 

20 Wheat -483,53 1329,87 894,71 13,42 76,38 88,74 347,23 21,82 344,90 
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